Introduction {#s1}
============

The role of neurotrophins in neuronal plasticity, particularly that involved in the recovery processes following injury of the spinal cord and peripheral nerves is well documented (for review see [@pone.0065937-Lu1]). Neurotrophin 3 (NT-3) is indispensible for the development of muscle and tendon receptors. The relationship between NT-3 and the functional efficiency of proprioceptive systems has been demonstrated using NT-3 knockout mice which do not develop proper proprioceptive innervation and die shortly after birth [@pone.0065937-Ernfors1]--[@pone.0065937-Wright1].

In the adulthood, muscle receptors as well as the nerve fibers innervating them require NT-3 to recover after damage [@pone.0065937-Ernfors1]--[@pone.0065937-Klein1], [@pone.0065937-Copray1]--[@pone.0065937-Mendell1]. In line with this requirement, about 73% of neurons innervating muscle spindle receptors show expression of TrkC mRNA [@pone.0065937-McMahon1]. A robust NT-3 mRNA expression was observed in intrafusal [@pone.0065937-Copray1] and, to a lesser extent, in extrafusal muscle fibers [@pone.0065937-Hess1] whereas TrkC mRNA expression was detected in skeletal muscles, predominantly in perisynaptic and myelinating Schwann cells [@pone.0065937-Hess1]. In the dorsal root ganglia (DRG) the data on NT-3 mRNA expression are conflicting [@pone.0065937-Shen1], [@pone.0065937-Wang1] albeit recent study [@pone.0065937-Wang1] reported on NT-3 mRNA and protein expression in DRG with a predominance in large neurons. Finally, NT-3 is expressed by numerous cells in the spinal cord, including motoneurons, interneurons, astro- and oligodendrocytes [@pone.0065937-Riley1]. Trk C mRNA and protein were observed in neurons throughout the spinal grey matter including motoneurons of various size [@pone.0065937-Merlio1], [@pone.0065937-Copray2].

Among various methods aimed at enriching damaged nervous tissue with neurotrophins (for review see [@pone.0065937-Lu1], [@pone.0065937-Petruska1]), we have focused on those increasing endogenous pools of neurotrophins, assuming that their sources might be physiologically controlled and adapted to the local requirements [@pone.0065937-Macias1]--[@pone.0065937-Skup1].

The importance of NT-3 for motor control prompted us to ask whether direct electrical stimulation of low-threshold muscle afferents, targeted specifically to activation of nerve fibers conveying proprioceptive signals, could effectively increase the endogenous pool of this neurotrophin and its receptor in the spinal cord and muscles. The possibility of strengthening proprioceptive input to a selected group of motoneurons is of clear importance as recently there is an accumulation of experimental data indicating differentiated vulnerability of groups of neurons to the damage of the spinal cord [@pone.0065937-Zagoraiou1], [@pone.0065937-Skup2].

To address this question, we applied chronic electrical stimulation of low-threshold muscle afferent fibers of the tibial nerve, as their activation can produce physiologically relevant and controllable input to the motoneurons of ankle extensors in awake animals, recorded as a compound muscle action potential - Hoffmann (H) reflex, an analog of the monosynaptic stretch reflex. The amplitudes of H-reflexes and their accompanying direct motor responses (M) were monitored in the soleus muscle to control the strength of applied stimuli.

Low-threshold muscle afferent fibers (group Ia) terminate monosynaptically on their own motoneurons as well as on the motoneurons innervating muscles acting synergistically at the same and other joints [@pone.0065937-Laporte1]. Their direct input corresponds to several percent of the total synaptic input to motoneurons [@pone.0065937-Burke1] but Ia afferents also affect motoneuron activity indirectly as they terminate on a number of spinal excitatory and inhibitory Ia and other types of interneurons, acting in concert with other peripheral, spinal and supraspinal inputs converging on these interneurons [@pone.0065937-Jankowska1]--[@pone.0065937-Czarkowska2]. Therefore, chronic stimulation of the tibial nerve might not only reinforce Ia afferent input to the extensor motoneurons innervated by this nerve branch but also exert their effect through different groups of spinal interneurons. Moreover, as the majority of Ia boutons terminate on the dendrites of motoneurons, the afferent signal they convey is subjected to powerful amplification via the mechanisms of persistent inward current (PIC) present in these dendrites [@pone.0065937-Hyngstrom1], [@pone.0065937-Heckman1].

Our assumption was that if expression of NT-3 and its high-affinity receptor, TrkC, are regulated in an activity-dependent mode (i.e., similarly as it was shown for the brain-derived neurotrophic factor (BDNF) and its high-affinity receptor TrkB) then chronic electrical stimulation of low-threshold muscle afferent fibers of the tibial nerve, dependent on NT-3, should primarily affect the expression of NT-3/TrkC in the circuitry of the monosynaptic H-reflex targeted to the motoneurons innervating the ankle extensor muscles and their synergists acting in other joints.

Here we show that seven days of electrical stimulation of low-threshold muscle afferent fibers of the tibial nerve by continuous bursts of pulses produced H-reflexes accompanied by near threshold direct motor responses, confirming that the stimulation was primarily targeted to group Ia afferent fibers. Chronic stimulation clearly increased the level of NT-3 protein, measured using ELISA, in the H-reflex circuitry. The effect was found both in lumbar (L3-6) segments of the spinal cord, where motoneurons innervating the majority of hindlimb muscles are located, and in the soleus muscle. Stimulation exerted a much weaker effect on the level of BDNF protein, which increased significantly only in the L3-6 segments of the spinal cord. Surprisingly, the effect of stimulation on NT-3 protein level in the circuitry of the H-reflex did not correspond to the changes of NT-3 mRNA expression but was accompanied by a profound increase of TrkC mRNA expression in the soleus muscle.

Materials and Methods {#s2}
=====================

Animals {#s2a}
-------

The experiments were carried out on 22 adult male Wistar rats weighting 280--350 g at the beginning of the experiments. These were divided into two groups: (1) intact control (N = 7), and (2) subjected to bilateral implantation of the muscle and nerve electrodes and to unilateral electrical stimulation of low-threshold muscle afferents in the tibial nerve (N = 15). The animals were bred in the animal house at the Nencki Institute, Warsaw, Poland. They were given free access to water and pellet food and were housed under standard humidity and temperature conditions on a 12 h light/dark cycle.

Experimental protocols involving animals, their surgery and care were approved by the First Local Ethics Committee in Warsaw and were in compliance with the guidelines of the European Community Council Directive 2010/63/UE of 22 September 2010 on the protection of animals used for scientific purposes.

Implantation of Electrodes and Postsurgery Care {#s2b}
-----------------------------------------------

The animals were given subcutaneous injection of Butomidor (Butorfanolum, Richter Pharma, 1.5 mg/300 g b.w.) as a premedication and then anesthetized with isoflurane (Aerrane, Baxter, 1--2.5% in oxygen) via a facemask. Both hindlimbs and the back (low thoracic) were shaved and disinfected with 3% hydrogen peroxide at the incision sites at the popliteal fossa, over the soleus muscle and at the back. A connector plug for the electrodes was sewn to the muscles and ligaments over the vertebrae. The electrodes were drawn subcutaneously, bilaterally from the connector plug to the muscles and nerves to be implanted. For stimulation the pair of stainless-steel multistranded Teflon-coated fine- wires (Bergen Cable Technologies Inc., Lodi, NJ, U.S.A.) with final bare sewn into a silicone rubber cuff, as described by Loeb and Gans [@pone.0065937-Loeb1], was implanted over the tibial nerve, rostrally to the triceps surae branches. The tibial nerve was separated from the common peroneal and sural nerve branches in the popliteal fossa by means of fine microsurgical forceps with the use of magnifying glasses. The internal diameter of the cuff electrode was about 2-fold bigger than that of the tibial nerve. A compound muscle action potential was recorded in the soleus muscle by means of a pair of Teflon-coated fine-wire electrodes, with about 1.5 mm final bare, implanted into the soleus muscles so that the distance between the electrodes was about 5 mm. One set of electrodes was used for delivery of low-threshold stimulation to the tibial nerve to elicit a monosynaptic H-reflex recorded in the soleus muscle and the other, implanted on the contralateral side, served as a control of the effect of implantation (sham side). After the surgery, Baytril (Enrofloxacinum, 5 mg/kg, Bayer) was administered subcutaneously (s.c.) over five consecutive days to prevent infection. An analgesic Tolfedine (Tolfenamic acid 4%, 4 mg/kg, s.c. Vetoquinol S.A.) was given during the first three postoperative days. Immediately after the surgery, the rats were placed in warm cages, covered with blankets and inspected until fully awaken. Thereafter they were returned to individual cages with full access to food and water.

Behavioral Training {#s2c}
-------------------

In awake animals the amplitude of the H-reflex is highly modulated by the behavioral context and ongoing motor activity. Therefore, special care was taken to accustom the animals to being restrained in the immobilizing apparatus.

Two weeks before the stimulation experiment was initiated (one week after electrode implantation) the animals started to be accustomed to sitting in the restraining apparatus. The duration of every session was gradually prolonged until they reached 20 min criterion. Eighty min period of daily stimulation was divided into four 20 min sessions with about one hour rest in between. After every session the animals were rewarded with corn cookies in their home cages.

Stimulation and H-reflex Recording {#s2d}
----------------------------------

The monosynaptic H-reflex, an analog of the stretch reflex, was elicited by electrical stimulation of low-threshold muscle afferents (group Ia) in the tibial nerve and recorded as a compound muscle action potential in the soleus muscle ([Figure 1](#pone-0065937-g001){ref-type="fig"}). The strength of stimulation was established near the threshold of excitation of the motor fibers, which is higher than that activating Ia afferents, therefore it elicited a moderate H-reflex since the majority of Ia fibers are already excited when the direct motor response (M) is at its threshold [@pone.0065937-Schieppati1], \[Czarkowska-Bauch, unpublished\].

![Schema showing the circuitry of the monosynaptic Hoffmann (H) reflex (an analog of the muscle stretch reflex) showing the location of the stimulating and recording electrodes.\
Low-threshold continuous burst stimulation of the tibial nerve, addressed to group Ia fibers, was applied to enhance the proprioceptive input to the extensor motoneurons innervating the ankle muscles. The amplitudes of H-reflex and direct M-response were used to control the strength of stimulation.](pone.0065937.g001){#pone-0065937-g001}

The stimulus pattern consisted of continuous bursts of stimuli delivered every 25 ms for twenty minutes, 4 times per day. Each burst was composed of three pulses (pulse width = 200 µs) with 4 ms inter-pulse interval. This pattern of stimulation was chosen as it was expected to increase the probability of reflex responses of motoneurons under study and was applied in 10 animals [@pone.0065937-Bawa1]. The tibial nerve was stimulated unilaterally for seven days. Before and after daily stimulation sessions thirty H-reflexes elicited by single pulses (pulse width was 300 µs, at 0.3 Hz), were recorded to evaluate the effect of the continuous burst stimulation on the H-reflex amplitude. About 10 maximal direct motor responses (M~max~) elicited by single-pulse stimuli were collected in each animal to establish a reference value corresponding to the antidromic potential produced by all motoneurons in the soleus pool. The results concerning the area and/or amplitude of the H-reflexes and M-responses were expressed as a percentage of M~max~. Five animals were stimulated for 7 days by means of single stimuli (pulse width: 300 µs, at 0.3 Hz) to compare the effects of burst and single pulse stimulation on the probability of eliciting H-reflexes.

The stimulation experiments started about 3 weeks after implantation of the electrodes as only after that period the electrical conditions for eliciting the H-reflex have stabilized. Post-mortem inspection of the nerves and cuff electrodes showed that connective tissue filled the cuffs and stabilized the contact between the nerve and electrodes and increased the probability of eliciting H-reflexes.

Data Acquisition and Analysis of Electrophysiological Data {#s2e}
----------------------------------------------------------

The implanted connector plug was connected via a commutator to EMG amplifiers and to an isolated stimulation unit (Goeteborg Medical University workshop, Sweden). The analog signals were fed to a CED Micro 1401 ^mk\ II^ interface (Cambridge Electronic Design Ltd, UK), digitized and fed to a PC. Raw EMG activity was additionally monitored throughout the experiment on the oscilloscopes. A Spike 2 (Cambridge Electronic Design Ltd, UK) based script was used to measure the latency, peak-to-peak amplitude and the area of the H-reflex and M-response and to average these data. During continuous burst stimulation only the first M~1~ and the last H~3~ responses were taken into account as they were not contaminated by the accompanying responses (see [Figure 2](#pone-0065937-g002){ref-type="fig"}).

![An example of averaged H- and M- waves in the soleus muscle elicited by continuous bursts of pulses applied to the tibial nerve every 25 ms.\
Each burst was composed of three pulses (pulse width = 200 µs) with 4 ms inter-pulse interval. The mean latencies (± SD) of the H-and M-responses recorded in the soleus muscle were 5.9±0.6 ms and 1.9±0.2 ms, respectively. During the burst stimulation only the first M~1~ and the last H~3~ response (framed) were analyzed as they were not contaminated by the accompanying responses.](pone.0065937.g002){#pone-0065937-g002}

Tissue Dissection for ELISA and Quantitative Real-time RT-PCR Analysis {#s2f}
----------------------------------------------------------------------

One hour after the last stimulation session the rats were deeply anesthetized with a lethal dose of pentobarbital (80 mg/kg b.w., i.p.) and perfused transcardially with ice-cold saline. Next, the vertebral column was excised, placed on ice, spinal cord was removed in a cold room and frozen on dry ice. Cross-sections (0.8 mm thick) were cut on a McIlwain tissue chopper (Ted Pella Inc., Redding, CA, USA) and divided into left and right half (to compare the stimulated and sham side). Every second section was subjected to ELISA or to quantitative RT PCR (qRT PCR). Sections from L1-2 segments were analyzed separately from those collected from L3-6 segments. The soleus muscles were also sliced and subjected to ELISA or to qRT PCR for stimulated and sham side independently. The segments of the tibial nerve enwrapped in the cuff electrodes were subjected to qRT PCR analysis. All dissected tissues were stored at −80°C.

Preparation of Homogenates for NT-3 and BDNF ELISA {#s2g}
--------------------------------------------------

For assessment of NT-3 protein level the *NT-3 Emax® ImmunoAssay System* (Promega Corporation, Madison, WI, USA) was used according to the manufacturer instructions. Crude tissue homogenates (10% w/v) were prepared in 20 mM Tris buffer (pH 8.0) containing 10% glycerol, 137 mM NaCl, 1% NP40, Complete*™* Protease Inhibitor Cocktail (Roche), PhosSTOP*™* Phosphatase Inhibitor Cocktail (Roche) with addition of 1 mM phenylmethyl-sulphonyl fluoride (PMSF; Sigma-Aldrich). An IKA Ultraturrax tissue grinder (for qRT PCR) or glass/glass grinder (for ELISA) were used to disrupt the tissue. The homogenates were incubated on ice for 30--60 min and centrifuged at 11 600×*g* for 30 min at 4°C. ELISA was performed on s1 supernates following the manufacturer's instructions. All samples were run in triplicate. For BDNF ELISA (*ChemiKine™ BDNF Sandwich ELISA Kit*, Millipore, Billerica, MA, USA) a sample of tissue homogenates (10% w/v) prepared for NT-3 ELISA was complemented by adding a supplementary buffer which conformed the components of the lysis buffer to those recommended by the BDNF ELISA producer (100 mM Tris buffer pH 7.0, 2% BSA, 1 M NaCl, 2% Triton X-100 and Complete Protease Inhibitor Cocktail, 200 µM phenylmethyl-sulphonyl fluoride (PMSF; Sigma-Aldrich) and 157 µg/mL benzamidine hydrochloride (Serva, Heidelberg, Germany). Tissue incubation and centrifugation were carried out in the same conditions as in the NT-3 protocol. All samples were run in triplicate.

Protein content in the supernates was assayed by Bradford method [@pone.0065937-Bradford1].

Analysis of NT3, TrkC, BDNF and TrkB Gene Expression by qRT PCR {#s2h}
---------------------------------------------------------------

Total RNA was isolated using ZR RNA MiniPrep™ kit (Zymo Research Corporation, Irvine, CA, USA) according to the manufacturer\'s protocol. After DNaseI treatment, total RNA (0.5--1 µg) was converted into coding DNA (cDNA). For the cDNA synthesis for spinal cord and muscle samples Transcriptor First Strand cDNA Synthesis Kit reagents (Roche Applied Science) and an anchored-oligo(dT)~18~ primers according to the manufacturer\'s protocol were used. Reverse transcription was performed at 50°C for 60 minutes followed by enzyme denaturation at 85°C for 5 minutes. For the tibial nerve samples, where the level of transcripts was very low, Transcriptor High Fidelity cDNA Synthesis Kit reagents (Roche Applied Science) and random hexamer primers were used according to the manufacturer\'s protocol. It increased efficiency in generation of complementary DNA for further qRT PCR analyses. The thermal cycling conditions for reverse transcription of these samples were programmed such that each sample cycled at 29°C for 10 minutes, at 48°C for 60 minutes, and at 85°C for 5 minutes. Quantification of NT3, BDNF, TrkC and TrkB gene transcripts was performed by means of TaqMan hydrolysis probes using the LightCycler ® 480 sequence detection system (Roche Applied Science, Indianapolis, IN, USA). Target-specific probes, forward and reverse primers as designed by Universal Probe Library Assay Design Center were used ([Table S1](#pone.0065937.s002){ref-type="supplementary-material"} in the Supporting Information). Dual color qRT PCR was performed - each target gene transcript was analyzed in parallel with a probe specific for control transcript of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Universal Probe Library Rat GAPD Gene Assay, Roche Applied Science). PCRs were run with cDNA equivalent to 50 ng of total RNA. Three-step PCR consisted of 10 s at 95°C, 30 sec. at 60°C and 1 s at 72°C (fluorescence acquisition step) for 45 to 55 cycles. LightCycler ® 480 Software 1.5.0 (Roche Applied Science) was used to determine the threshold cycle, in which the first significant increase of fluorescence occurred in individual amplifications. For each sample the threshold cycle values for target transcripts were automatically normalized to the simultaneously run GAPDH transcript amplification. The normalized values were used to make comparisons across experimental groups. Second derivative maximum algorithm was used for threshold cycle calculations. Also, by reason of duplex color PCR assay, a color compensation filter for data analyses was used.

For all target genes, TaqMan probes and primers were selected to amplify the regions which do not undergo alternative splicing. Thus they allow measuring a complete set of transcript variants (pan-probe/primer sets, [Table S1](#pone.0065937.s002){ref-type="supplementary-material"} and [Figure S1](#pone.0065937.s001){ref-type="supplementary-material"}). A common feature of neurotrophin genes is that various types of transcripts are generated by alternative splicing of the 5′ short exons to the 3′ long exon encoding the entire protein. This is also true for the NT-3 gene. Because of the complexity of regulatory mechanisms of NT-3 expression and small number of reports on the expression patterns of the NT-3 transcript variants, in the present study we made an attempt to quantitatively assess four NT-3 gene transcript variants and estimate their contribution to the total NT-3 transcript pool (see [Figure S1](#pone.0065937.s001){ref-type="supplementary-material"} and [Table S1](#pone.0065937.s002){ref-type="supplementary-material"}).

Statistical Analysis {#s2i}
--------------------

The non-parametric Mann-Whitney U test for comparison of independent samples, the *Sign* and Wilcoxon tests for comparison of related samples were used except for the analysis of the probability of eliciting H-reflexes elicited by the burst and single stimuli where a Student's t-test was used. All tests were performed using *Statistica* software (StatSoft Inc, Tulsa, OK, USA).

Results {#s3}
=======

The Effect of Chronic Stimulation of Low-threshold Muscle Afferents on the Hoffmann Reflexes in the Soleus Muscle {#s3a}
-----------------------------------------------------------------------------------------------------------------

The latencies of H- and M-responses were relatively stable in individual animals. The mean latency (± SD) of the H-reflex recorded in the soleus muscle was 5.9±0.6 ms whereas that of direct motor (M) response was 1.9±0.2 ms. The amplitude of the H-reflex recorded as a compound muscle action potential in awake animals was highly modulated by the behavioral context and ongoing motor activity during the experiment. Monitoring the direct motor (M) responses preceding the H-reflexes and setting the strength of the stimulation near the threshold for eliciting M-responses enabled delivery of the stimuli to low-threshold proprioceptive afferents (group Ia). This is because the majority of group Ia afferent fibers should be excited by the stimulation set near the threshold for eliciting M-responses [@pone.0065937-Schieppati1].

[Figure 3](#pone-0065937-g003){ref-type="fig"} shows the changes of the area of H- and M-responses to the continuous bursts of stimuli compared to single stimuli during seven days of stimulation. It indicates that the H-reflex was usually accompanied by the near threshold M-response during continuous bursts stimulation creating much more stable conditions for eliciting H-reflexes than the single-pulse stimulation, where much higher variability of the responses was observed. When the areas of H-reflexes (averaged daily) elicited by single and burst stimuli were compared these differences were highly significant (*Sign* and Wilcoxon tests, P\<0.0001) indicating that burst stimulation attenuated by about 50% the area of H-reflexes elicited by single pulses. On the other hand, the discharge probability of a motoneuron by means of high-frequency low-threshold continuous bursts of stimuli was higher than by single ones (Student t-test P\<0.04).

![Time course of amplitude changes of the M- response and H- reflex evoked by electrical stimulation of the tibial nerve in the rat.\
Two stimulation patterns were used: continuous bursts of stimuli (solid lines: black -- H reflex, grey -- M response) or single stimuli (dashed lines: black - H reflex and grey -- M response). The averaged responses to the single stimuli consisted of 30 reflexes collected at the beginning of the first and at the end of the last stimulation sessions daily in one animal. The averaged responses to burst of stimuli were collected during 3 min periods at the beginning and the end of every daily session. The strength of stimulation was established near the threshold of activation of the motor fibers, which is higher than that of Ia afferents, therefore stimulation elicited a moderate H-reflex as the majority of Ia fibers are already excited when the direct motor response (M) is at its threshold.](pone.0065937.g003){#pone-0065937-g003}

We did not find any consistent effect of the order of daily sessions or the consecutive days of stimulation on the size of the H-reflexes (Sign and Wilcoxon tests, P\>0.05).

Altogether, the H- and M-responses of the soleus to the continuous bursts of stimuli of the tibial nerve confirmed that it was possible to control, with this method, a delivery of the low-threshold proprioceptive input to the soleus motoneurons in order to evaluate its effect on the endogenous pool of NT-3 and its receptor TrkC in the spinal cord neurons, in the peripheral nerves and muscles involved in this monosynaptic reflex circuitry.

NT-3 and BDNF Protein, their mRNA, TrkC mRNA and TrkB mRNA Levels in the H-reflex Circuitry in the intact Rat {#s3b}
-------------------------------------------------------------------------------------------------------------

The protein level of NT-3 and BDNF in intact rats was different in each of the tissues involved in H-reflex circuitry ([Figure 4](#pone-0065937-g004){ref-type="fig"} A). In the lumbar spinal cord NT-3 level was relatively low (over 20 pg/mg protein) but in the soleus muscle it was about 5 fold higher (over 100 pg/mg protein). Protein level of BDNF in the lumbar spinal cord (about 175 pg/mg protein) was, on the contrary, much higher than in the soleus muscle (about 50 pg/mg protein) ([Figure 4](#pone-0065937-g004){ref-type="fig"} A).

![NT-3 and BDNF protein level in the tissues involved in the H-reflex circuitry.\
**A.** The protein level of NT-3 and BDNF in the intact animals (control group), measured in the lumbar segments (L1-2; L3-6) and the soleus muscle (sol), by means of ELISA. NT-3 level was the highest in the soleus muscle whereas that of BDNF predominated in the spinal cord. **B.** The changes of NT-3 and BDNF level in the spinal cord segments and soleus muscle after low-threshold, unilateral stimulation of the tibial nerve. Stimulation caused a clear increase of NT-3 protein level in the L3-6 segments of the spinal cord, where the motoneurons innervating the soleus muscles and its synergists acting at the ankle joints are located, and in the soleus muscle. The effect of stimulation on the protein level of BDNF was weaker and detected only in the caudal lumbar segments of the spinal cord. Asterisks indicate statistically significant effects (\*\*\*P\<0.001; \*\*P\<0.01; \*P\<0.05, Mann-Whitney U and Wilcoxon tests).](pone.0065937.g004){#pone-0065937-g004}

In contrast to differences in the protein level of NT-3 and BDNF in the lumbar spinal cord and soleus muscle their mRNA expression was comparable in these tissues ([Figure 5](#pone-0065937-g005){ref-type="fig"} A). Differences in the level of transcripts were observed in the tibial nerve where the expression of BDNF mRNA was 8 fold higher than of NT-3 mRNA ([Figure 5](#pone-0065937-g005){ref-type="fig"} A).

![Distribution of NT-3 mRNA and BDNF mRNA expression in the tissues involved in circuitry of the H-reflex and their changes caused by continuous bursts of low-threshold, unilateral stimulation of the tibial nerve.\
**A.** Relative expression of transcripts in the control group. In the tibial nerve (shaded grey bars), mRNA expression was evaluated by means of high-fidelity reverse transcriptase and random hexamers as primers. The tibial nerve segment enwrapped in the cuff-electrode was analyzed. **B.** The changes of NT-3 and BDNF level in the spinal cord segments, soleus muscle and tibial nerve after low-threshold stimulation of the tibial nerve. NT-3 mRNA expression tended to increase in the caudal lumbar segments of the spinal cord and the effect was bilateral, similarly as that of BDNF mRNA. In the soleus muscle NT-3 mRNA and BDNF mRNA level decreased comparing to control level. NT-3 mRNA expression in the tibial nerve increased after stimulation but that of BDNF mRNA tended to decrease. Asterisks indicate statistically significant effects (\*\*\*P\<0.001; \*\*P\<0.01; \*P\<0.05, Mann-Whitney U and Wilcoxon tests).](pone.0065937.g005){#pone-0065937-g005}

The expression of TrkC and TrkB mRNA was much more differentiated than of their ligands. TrkC mRNA expression was the highest in the L3-6 spinal segments, relatively low in the tibial nerve and negligible in the soleus muscle ([Figure 6](#pone-0065937-g006){ref-type="fig"} A). The expression of TrkB mRNA was the highest in the spinal cord, low in the soleus muscle and the lowest in the tibial nerve ([Figure 6](#pone-0065937-g006){ref-type="fig"} A). Although both TrkC and TrkB mRNA reached the highest level in the L3-6 spinal segments, the expression of TrkC mRNA was 10 fold higher than that of TrkB mRNA ([Figure 6](#pone-0065937-g006){ref-type="fig"} A). Altogether, these results show clear differences between NT-3 and BDNF protein level in the tissues of the H-reflex circuitry which do not reflect their mRNA expression, suggesting that synthesis and transport of these two neurotrophins is differently regulated.

![Distribution of TrkC and TrkB mRNA expression in the regions involved in H-reflex circuitry and their changes caused by continuous bursts of low-threshold, unilateral stimulation of the tibial nerve.\
**A.** Relative expression of transcripts in the control group. In the tibial nerve (shaded grey bars), the mRNA expression was evaluated by means of high-fidelity reverse transcriptase and random hexamers as primers. **B.** The changes of TrkC and TrkB level in the spinal cord segments, soleus muscle and tibial nerve after low-threshold stimulation. TrkC mRNA expression was high in the spinal cord of the control group and negligible in the soleus muscle. It tended to decrease after stimulation in the spinal cord and increased in the soleus muscle. Stimulation caused clear decrease of NT-3 mRNA in the tibial nerve. TrkB mRNA expression decreased both in the spinal cord and soleus muscle after stimulation but in the tibial nerve it increased on the sham-side and tended to decrease on the stimulated side. Asterisks indicate statistically significant effects (\*\*\*P\<0.001; \*\*P\<0.01; \*P\<0.05, Mann-Whitney U and Wilcoxon tests).](pone.0065937.g006){#pone-0065937-g006}

Stimulation of Low-threshold Muscle Afferents causes an Increase of NT-3 Protein Level in the H-reflex Circuitry {#s3c}
----------------------------------------------------------------------------------------------------------------

Seven days of stimulation of low-threshold muscle afferents in the tibial nerve with the continuous burst pulses caused an increase of NT-3 protein level in L3-6 spinal segments by over 80% of the controls (Mann-Whitney U test, P = 0.006), and by over 40% comparing to the sham-stimulated hindlimb (Wilcoxon matched-pairs test, P = 0.01) causing no effect in L1-2 segments ([Figure 4](#pone-0065937-g004){ref-type="fig"} B). A more pronounced increase was observed in the soleus muscle (by over 100% of the controls on the stimulated side (Mann-Whitney U test, P = 0.001) and by over 50% of that in sham-stimulated side (Wilcoxon matched-pairs, P = 0.03) ([Figure 4](#pone-0065937-g004){ref-type="fig"} B).

Changes of NT-3 mRNA and its High-affinity Receptor TrkC mRNA Expression after Stimulation {#s3d}
------------------------------------------------------------------------------------------

The pronounced increase of NT-3 protein level in L3-6 segments of the spinal cord with clear effect of stimulation was accompanied by a tendency to increase of NT-3 mRNA expression (measured by means of pan-probe no 73, detecting 1--4 transcript variants) by about 40% on the stimulated and by about 30% on the sham-side (Mann-Whitney U and Wilcoxon tests, non-significant -- \[n.s.\]) ([Figure 5](#pone-0065937-g005){ref-type="fig"} B). Surprisingly, in the soleus muscle, stimulation which increased NT-3 protein level caused a decrease of NT-3 mRNA expression by over 60% compared to intact rats (Mann-Whitney U test, P\<0.01). Also on the sham-side NT-3 mRNA tended to decrease (by over 40%, n.s.) ([Figure 5](#pone-0065937-g005){ref-type="fig"} B). This discrepancy led us to the more detailed analysis of the responses of different NT-3 transcripts with the use of other probes which showed that the decrease was owing to the response of the most abundant transcript 4, which was significantly down-regulated, whereas the smaller pool of transcripts 1--3 was increased (see [Figure S1](#pone.0065937.s001){ref-type="supplementary-material"}). In the tibial nerve NT-3 mRNA expression increased both on the stimulated and sham-side by 60% and 50%, respectively, compared to control values (Mann-Whitney U test, P = 0.04 and 0.03, respectively) ([Figure 5](#pone-0065937-g005){ref-type="fig"}).

The expression of TrkC mRNA in L3-6 segments of the spinal cord tended to decrease by over 20% (n.s.), both on the stimulated and sham-side, compared to control values ([Figure 6](#pone-0065937-g006){ref-type="fig"} B). In contrast, there was over 3- and 2-fold increase of TrkC mRNA expression in the soleus muscle on the stimulated and sham-stimulated side, respectively (Mann-Whitney U test, P\<0.01) ([Figure 6](#pone-0065937-g006){ref-type="fig"} B). In the tibial nerve there was over an 80% decrease of TrkC transcript on the stimulated side (Mann-Whitney U, P\<0.001) and over a 60% decrease on the sham-side comparing to control values (Mann-Whitney U, P\<0.01). The effect of stimulation was also significant (Wilcoxon test, P\<0.01) ([Figure 6](#pone-0065937-g006){ref-type="fig"} B).

Overall, the effect of stimulation on the NT-3 mRNA and TrkC mRNA expression in the H-reflex circuitry was poorly differentiated between sides.

Changes of BDNF Protein and Expression of BDNF mRNA and TrkB mRNA after Stimulation {#s3e}
-----------------------------------------------------------------------------------

The effect of stimulation on BDNF protein level was clearly weaker than on NT-3 and appeared only in L3-6 lumbar segments where it increased by 20% compared to control and sham values (Mann Whitney U and Wilcoxon tests, P\<0.05) ([Figure 4](#pone-0065937-g004){ref-type="fig"} B). BDNF mRNA expression in L3-6 spinal segments tended to increase by 20% (n.s.). In contrast to the BDNF protein level, its mRNA changed bilaterally ([Figure 5](#pone-0065937-g005){ref-type="fig"} B). The opposite effect was found in the soleus muscle, where the stimulation caused approximately a 50% decrease of BDNF mRNA compared to control values (Mann Whitney U test, P = 0.005). On the sham-side there was also a tendency to decreased BDNF mRNA expression (n.s.) ([Figure 5](#pone-0065937-g005){ref-type="fig"} B). BDNF mRNA expression tended to decrease also in the segment of the tibial nerve enwrapped in the cuff electrode where it was decreased by over 20% bilaterally, compared to control values (n.s.) ([Figure 5](#pone-0065937-g005){ref-type="fig"} B).

TrkB mRNA expression decreased in L3-6 lumbar segments of the spinal cord by 13% on the stimulated- and by 25% on sham-side (Wilcoxon test, P\<0.02). A dramatic decrease of TrkB mRNA expression was found in the soleus muscle (by about 93% on the stimulated and by about 70% on the sham-stimulated side) (Mann-Whitney U and Wilcoxon tests, P = 0.0003 and P = 0.014, respectively) ([Figure 6](#pone-0065937-g006){ref-type="fig"} B). Stimulation tended to decrease TrkB mRNA expression in the tibial nerve by over 28% of the control values (n.s.) but it caused over a 2-fold increase in the sham-stimulated side ([Figure 6](#pone-0065937-g006){ref-type="fig"} B) (Wilcoxon test, P = 0.05).

Overall, the stimulation-evoked a moderate increase of BDNF protein in the caudal lumbar segments was accompanied by the similar tendency in BDNF mRNA level. In the soleus muscle and the tibial nerve the same stimulation led to a decrease of BDNF mRNA and TrkB mRNA expression which did not translate into changes in BDNF protein.

Discussion {#s4}
==========

The results of the present study demonstrate that chronic recording of the H-reflex from the soleus muscle elicited by low-threshold electrical stimuli targeted to Ia afferent fibers in the tibial nerve and monitoring the M-response enabled to control the strength of stimulation in awake rats. The strength of stimuli set at the threshold for the M-response was, if necessary, corrected down during stimulation, to limit the possibility of activation of higher threshold afferent fibers. We had rather risked missing the H-reflex than eliciting clear M-responses. However, a contamination of the H-reflex circuitry by activation of the group II/Aβ afferent fibers, even if minor, was possible in awake animals. Group II/Aβ afferents do not reach α-motoneurons directly but their activation could potentially affect the H-reflex elicited by the burst but not by single pulses. Therefore, one should expect changes of the H-reflex wave after burst stimulation due to bigger dispersion of incoming sensory volleys to the motoneuron pool. We did not find clear differences of the shape and duration of the H-reflexes elicited by single- or continuous burst pulses which would indicate a contamination of the H-reflex by additionally recruited afferent fibers of higher threshold than the group I afferents.

Continuous bursts of three stimuli were chosen to increase the probability of reflex responses of the motoneurons under study. Comparison of the H-reflexes elicited by single, low-frequency pulses and burst high-frequency stimuli confirmed that the latter increased the probability of eliciting the H-reflex, in agreement with the observations reported by Bawa and Chalmers [@pone.0065937-Bawa1] in humans. We also observed that bursts of low-threshold stimulation of the tibial nerve caused a depression of the amplitude of the H-reflexes compared to those elicited by single-pulses at 0.3 Hz. This effect, first described by Eccles and Rall, has been attributed to autogenic inhibition [@pone.0065937-Eccles1].

Selectivity of NT-3 Protein Response to Low-threshold Stimulation of the Tibial Nerve {#s4a}
-------------------------------------------------------------------------------------

Seven days of continuous bursts of stimuli delivered in four 20 min sessions daily, separated by about 1 h breaks, clearly increased NT-3 protein level in L3-6 segments of the spinal cord and in the soleus muscle, without affecting the L1-2 segments of the spinal cord. On the sham-stimulated side there was a tendency for an increased level of NT-3 suggesting that the low-threshold stimuli used in this study activated monosynaptically not only α-motoneurons in the H-reflex circuitry but also interneurons distributing their axon terminals bilaterally (for reviews see [@pone.0065937-Jankowska2], [@pone.0065937-Jankowska3]). Similar bilateral effects were observed by Funakoshi and co-authors after 1 h of 50 Hz unilateral stimulation of the sciatic nerve in the acute conditions [@pone.0065937-Funakoshi1].

Low-threshold stimulation of the tibial nerve exerted a much weaker effect on the BDNF protein level, causing its increase in L3-6 segments of the spinal cord only. The differences between the responses of NT-3 and BDNF to low-threshold stimuli validated our concept. NT-3/TrkC is indispensable for the proprioceptive system, innervated predominantly by the thickest fibers in the peripheral nerves, of the highest conduction velocity and, by definition, having the lowest threshold of activation [@pone.0065937-Laporte1]. The BDNF/TrkB system is known to be involved in development and maintenance of the sensory system by controlling cutaneous mechanoreceptors [@pone.0065937-Carroll1], [@pone.0065937-GonzalezMartinez1]. These fibers require a greater intensity of electrical stimuli to be activated than the group I proprioceptive fibers. Therefore, low-threshold stimuli used in our experiment were predominantly sub-threshold for the activation of the afferent fibers involved in cutaneous mechanosensation. Indeed, one hour of supramaximal 20 Hz stimulation of the cut and repaired femoral nerve caused over 2-fold increase of BDNF and TrkB mRNA in the motoneurons observed hours and days after stimulation [@pone.0065937-AlMajed1].

Opposite NT-3 mRNA and TrkC mRNA Response to Low-threshold Stimulation of the Tibial Nerve {#s4b}
------------------------------------------------------------------------------------------

The increased expression of BDNF compared to NT-3 transcripts in the tibial nerve, indicates that although both proteins are synthesized by Schwann cells, their functions and fate in the nerve are different. Namely, it suggests a dynamic state at which axonal translocation of BDNF towards target structures and NT-3 contribution to local actions on the Schwann cells prevail. Such interpretation is in line with data showing the importance of NT-3 as a major support factor for Schwann cells [@pone.0065937-Meier1]. Loss of NT-3 *in vivo* produces degradation of Schwann cell functions, including myelination [@pone.0065937-Woolley1]. With this respect, a bilateral increase of NT-3 mRNA after stimulation may be interpreted as a generalized repair-directed response of Schwann cells to nerve implantation [@pone.0065937-GajewskaWozniak1]. We may speculate that increased NT-3 leads to enhancement of local (autocrine and paracrine) functions but the net effect is difficult to predict as at the same time TrkC mRNA expression was down regulated.

Our data show that NT-3 mRNA and TrkC mRNA are differentially regulated. Opposite NT-3 mRNA and TrkC mRNA responses to electrical stimulation were also observed in hippocampal neurons [@pone.0065937-Kokaia1], [@pone.0065937-Elmer1]. With all the reservations, and taking into account the strength and pattern of stimulation not comparable to our experimental paradigm, our data show that NT-3 mRNA and TrkC mRNA are differently regulated in various structures of the nervous system including neuromuscular system.

A Mismatch of NT-3 mRNA and Protein Response to Stimulation in the Soleus Muscle {#s4c}
--------------------------------------------------------------------------------

A discrepancy between the effect of stimulation on NT-3 protein and mRNA levels observed in soleus muscle in our study might stem from the different kinetics of mRNA and protein changes induced by stimulation. A one hour time lag between termination of the last stimulation session and decapitation was chosen as optimal for evaluation of protein and mRNA changes, based on our data on the stimulatory effect of long-term locomotor training on BDNF and NT-4 [@pone.0065937-Macias1], [@pone.0065937-Skup1], [@pone.0065937-Macias3]. The studies cited above and the current data indicate a complex regulation of NT-3 expression. That complexity was disclosed in our study by showing that v1-v3 NT-3 transcripts respond to stimulation by an increase, matching an increase in the protein level, whereas the most abundant transcript 4 was decreased by stimulation (see Supporting Information). Verifying changes as a function of time would provide a more complete picture of alterations at the protein and mRNA level. Further studies elucidating the biological significance of generation of NT-3 transcripts, and in particular the abundant transcript 4 are needed.

Possible Reasons for Protein and mRNA Incompatibility {#s4d}
-----------------------------------------------------

Here, we provide evidence that NT-3 and BDNF- synthesizing cells and those producing TrkB and TrkC receptors respond to the stimulation differently in individual components of the H-reflex circuitry, as reflected by their differentiated mRNA expression. One of the differentiating factors stems from a type of rhythmical activation of H-reflex circuitry [@pone.0065937-Macias1], [@pone.0065937-Skup1], [@pone.0065937-Ying1], [@pone.0065937-Cote1]. For example, seven days of exercise in a running wheel increased NT-3 protein and mRNA expression as well as TrkC expression in the lumbar spinal cord [@pone.0065937-Ying1], whereas 7 days of continuous bursts of low-threshold stimulation of the tibial nerve, increased the NT-3 protein response, but decreased TrkC mRNA. A more explicit difference was found in the soleus muscle where TrkC mRNA expression did not change after wheel-running exercise [@pone.0065937-Ying1] but it dramatically increased after low-threshold electrical stimulation of the tibial nerve (this study).

The other reason of incompatibility may be the time lag between termination of the experiment and killing the animals. When NT-3 and BDNF mRNA expression was examined in the lumbar spinal cord and soleus muscle of intact rats subjected to 5 days of 30 min daily walking exercise on a moving treadmill belt, there was no immediate change in the lumbar spinal cord after the exercise, but 2 h later there was over a 50% increase of both neurotrophins [@pone.0065937-GomezPinilla1]. On the other hand, in the soleus muscle both NT-3 and BDNF mRNA expression increased immediately after exercise [@pone.0065937-GomezPinilla1]. Therefore, these data indicate that the time lag optimal for the evaluation of the mRNA expression was different in the spinal cord and muscle tissues, reflecting different dynamics of changes of these neurotrophins in H-reflex circuitry.

The Effects of Chronic Implantation of Electrodes on the H-reflex Circuitry {#s4e}
---------------------------------------------------------------------------

We considered the possibility, that chronic cuff electrodes over the posterior tibial nerve and intramuscular electrodes in the soleus muscle used in our experiments could affect the results observed in the H-reflex circuitry. There are indications that some compression of the nerve enwrapped for several months in the cuff-electrodes may cause damage affecting the most vulnerable large diameter Ia fibers [@pone.0065937-Carp1], [@pone.0065937-Stein1]. However, our experiment lasted much shorter (4--5 weeks) and the probability that compression in the cuff developed is low as this process requires time after implantation [@pone.0065937-Carp1]. Moreover, changes in NT-3 and BDNF protein levels and mRNA expression observed 28 days after mild compression of the sciatic nerve in the rats [@pone.0065937-Omura1] do not match the changes observed in our study suggesting that chronic implantation of the cuff and intramuscular electrodes did not significantly affect the presented results.

Physiological Implications of Strengthening of Low-threshold Proprioceptive Input to Motoneurons {#s4f}
------------------------------------------------------------------------------------------------

Our study showed that low-threshold continuous bursts of electrical stimuli addressed to activation of the group Ia afferents offer an attractive possibility of enhancement of NT-3 signaling in the circuitry of the H-reflex. It poses the question on the physiological implications of low-threshold proprioceptive stimulation for motoneuron excitability. Muscle spindle-derived NT-3 was found to be necessary for strengthening connections between Ia afferents and motoneurons during the early postnatal period [@pone.0065937-Arvanian1], [@pone.0065937-Mentis1]. However, moderately increased levels of NT-3 in the spinal cord caused a decrease of input resistance of motoneurons, an increase of their threshold for discharge and decline of amplitude of EPSPs to maximal monosynaptic Ia stimuli [@pone.0065937-Petruska1] indicating that in mature rats NT-3 might attenuate motoneuron excitability. BDNF exerts a different effect on the motoneuron excitability. When applied to the gastrocnemius muscle it increased input resistance of motoneurons [@pone.0065937-Gonzalez1]. Changes of excitability of the spinal neuronal network induced by BDNF or NT-3 in rats after spinal cord transection and intraspinal delivery of adeno-associated viral vectors carrying NT-3 or BDNF constructs confirmed the above observations [@pone.0065937-Boyce1], [@pone.0065937-Ziemlinska1]. The increased level of NT-3 in the spinal cord after low-threshold stimulation observed in our experiments leaves open the question whether it also caused similar changes of excitability of the motoneurons. Interestingly, in the oculomotor system trophic support of axotomized fibers of abducens motoneurons caused restoration of phasic firing with NT-3 treatment and tonic firing with BDNF treatment [@pone.0065937-DavisLopezdeCarrizosa1]. The latter observations show another aspect of the motoneuron activity which might be modified by increased level of NT-3.

To conclude, as NT-3 exerts beneficial effects on damaged sensory fibers and motoneurons [@pone.0065937-Munson1], plays an analgesic role [@pone.0065937-WilsonGerwing1] and is indispensable for the survival and differentiation of Schwann cells [@pone.0065937-Macias3], an increase of NT-3 availability after injury or demyelinization of peripheral nerves may be of particular importance. The recent data show that attenuated expression of NT-3 may lead to proapoptotic signaling through TrkC receptor, which in experimental conditions behaves as a dependence receptor and, as such, induces caspase-dependent apoptotic death in the absence of ligand [@pone.0065937-TauszigDelamasure1]. Therefore, providing the possibility of increasing the NT-3 expression in the neuromuscular circuitry by means of low-threshold electrical stimulation of peripheral nerves, which in humans might be applied in non-invasive way, offers an attractive therapeutic tool.

Supporting Information {#s5}
======================

###### 

**Contribution of NT-3 transcript variants to the total pool of NT-3 mRNA in the soleus muscle.** **A.** Maps of 4 variants of NT-3 transcripts. Triangles point to sequences recognized by individual probes used in qPCR analysis. **B.** In the intact controls the level of the transcript variant 4 was 30 times higher than the level of three remaining variants (compare the results for probe \#73 and \#29). **C.** Electrical stimulation of the tibial nerve caused a significant down-regulation of the total mRNA level (probe \#73) and similar tendency in the sham-stimulated side. A decrease is attributed to the abundant transcript variant 4 since three remaining variants (v1÷3) as well as variant 3 alone, analyzed separately, were significantly upregulated. **D.** By increasing the levels of v1÷3 transcripts and decreasing the level of v 4 transcript, electrical stimulation and sham-stimulation alters their contribution to an overall NT-3 mRNA pool.

(TIF)

###### 

Click here for additional data file.

###### 

**Sequences of TaqMan probes and primers used for quantitative analysis of NT3, BDNF, TrkC and TrkB gene expression by qPCR.**

(DOC)

###### 

Click here for additional data file.
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